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ABSTRACT 
 
The optimization of a hydropower plant intake aims to produce uniform and stable flow to the 
turbine and to minimize the occurrence and strength of free surface vortices capable of disrupting 
the flow. Free surface vortices are particularly problematic because their occurrence and strength are 
difficult to predict. This paper presents preliminary results from experimental and numerical 
modelling of vortices in two geometric variants of a simplified intake. The evolution of vorticity 
along the length of the vortices is studied and qualitative differences are identified and discussed.  
 
1. INTRODUCTION 
 
The hydropower intake is the location where the water flowing into a power plant passes from open 
channel flow to pressure flow. The transition from open channel flow to pressure flow is a relatively 
difficult one to achieve smoothly, and much effort goes into optimizing the intake so that the flow 
will be uniform and steady when it reaches the turbine. For low-head intakes common in run-of-the-
river plants, free surface vortices are often a problem. If the free surface vortex is relatively weak, its 
effect on the turbine may be negligible. If the vortex is stronger, it can perturb the flow all the way 
down to the turbine and reduce the performance of the turbine or it may entrain debris or ice down 
to the trash rack where it may become lodged and obstruct the flow. In the most severe cases free 
surface vortices deform the free surface sufficiently to draw air into the flow and down to the turbine, 
potentially damaging the turbine or other mechanical components by provoking strong vibrations. 
This paper presents a brief overview of previous work related to free surface vortices at intakes, 
followed by preliminary results obtained for two test cases that have been examined using a physical 
scale model and a CFD model. The vortices observed in these two cases are compared in terms of 
their three-dimensional characteristics and the mechanisms that lead to the generation and 
intensification of vorticity. 
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2. PAST WORK 
 
Early work on free surface vortices at intakes relied heavily on physical scale models to elucidate 
the flow characteristics that determine the intensity of the vortices and the conditions under which 
the vortices begin to entrain air. It was found that the key non-dimensional parameters are the intake 
Froude number Fr, the intake Reynolds number Re, and the Weber number We. These parameters 
are defined as follows: 
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where Ui is the velocity through the intake pipe, g is the gravitational acceleration, d is the intake 
pipe diameter, and ρ, ν and σ are the density, the kinematic viscosity and the surface tension 
coefficient of the water respectively. The Froude number indicates the relative importance of 
momentum and gravity effects, the Reynolds number relates momentum to viscous effects, and the 
Weber number relates momentum to surface tension. 
Researchers determined that a dominant factor in the onset of air entrainment by a vortex is 
the circulation Γ of the vortex measured at the free surface. The circulation is a scalar quantity first 
defined by Thomson (1869), computed by integrating the tangential velocity along a closed curve C 
encircling the vortex or by integrating the vorticity ω across the area A defined by C:  
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where dl is the tangent unit vector to the curve and dA is the unit vector normal to the surface A. 
The non-dimensional circulation is commonly referred to as the circulation number, but its 
definition varies with the researcher.  
Another key parameter is the submergence of the intake below the free surface. Much work 
has focused on establishing the critical relative submergence (h/d)cr as a function of non-dimensional 
parameters such as the circulation number or the Froude number. Unfortunately, both the critical 
submergence and the circulation depend on the geometry of the intake (Knauss 1987). These 
correlations can therefore serve as guidelines for intake design but they are rarely sufficient to 
reliably predict critical submergence for an intake unless previous data is available for that specific 
geometry.  
In light of these uncertainties, standard engineering practice is to use correlations for critical 
submergence as guidelines during the initial design process and then build a physical scale model of 
the proposed intake to verify that the intake flow conditions are acceptable. Physical scale modeling 
comes with its own set of uncertainties. The three non-dimensional parameters scale differently so it 
is impossible to achieve similarity between the scale model and the full scale conditions when water 
is used in the model. Scale models are generally built according to Froude similarity and a 
sufficiently large scale is chosen to minimize scale effects linked to surface tension and viscosity.  
As a complement and possible alternative to physical modelling, engineers have begun using 
3D CFD codes to model pump and hydropower intakes numerically. Recent examples include work 
by Tokyay and Constantinescu (2005), Marghzar, Montazerin, and Rahimzadeh (2003), and 
Teklemariam et al. (2002). The ability to accurately predict free surface vortices with CFD has yet to 
be demonstrated conclusively, and almost none of the simulations have attempted to model the free 
surface deformation produced by the vortex using a fully three-dimensional non-hydrostatic code 
(Teklemariam et al. 2002 is a notable exception). One advantage of CFD is that it allows detailed 
flow information to be extracted far more easily than do physical models. This offers the opportunity 
to perform in-depth analysis of the full three-dimensional flow structure and vorticity transport in 
the flow, an approach suggested by the work of De Siervi et al. (1982), who used potential flow 
simulations to explore the mechanisms of vortex generation at aircraft engines near the ground.  
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The processes by which vorticity evolves in the flow can be analyzed using the vorticity transport 
equation derived by Helmholtz (1867): 
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This equation states that the change in vorticity experienced by a particle travelling along a 
streamline (the terms on the left-hand side) is determined by vortex stretching and tilting (the first 
term on the right-hand side) and the viscous diffusion of vorticity (the second term on the right-hand 
side). The first right-hand term is commonly divided into a component aligned with the streamline, 
which produces vortex stretching, and a streamline-normal component, which produces a change in 
orientation of the vorticity vector. Vortex stretching occurs when acceleration of the flow in the 
direction aligned with existing vorticity causes the vorticity to be concentrated to a higher intensity 
over a smaller area.  
 
3. METHODOLOGY 
 
The research presented here aims to increase the understanding of free surface vortices and intakes 
by focusing on the physical processes that govern the generation of vorticity, the maximum intensity 
of the vortices, and the onset of air entrainment. It is hoped that greater understanding of these 
processes will help engineers in the design process and in evaluating the accuracy and reliability of 
numerical and scale physical models for predicting free surface vortices. To achieve this, a physical 
scale model of a simple intake has been constructed and the vortices generated in the intake have 
been studied in the physical model and in CFD simulations of the intake. Two geometry variations 
are presented in this paper. 
 
3.1. Experimental setup 
 
A physical scale model of a simplified intake has been built with adjustable geometry, flow rate and 
water level. The channel is 5.5 m long with a 1 m by 1 m cross-section, and the last meter of the 
channel has plexi-glass walls to facilitate observation of the flow at the intake pipe. The water flows 
into the channel through a submerged diffuser located in a shallow reservoir at the upstream end of 
the channel and flows out through a 3” diameter “intake” pipe fitted into the downstream wall of the 
tank. The intake pipe can protrude up to 0.3 m out of the wall into the channel or it can be made 
flush with the wall. In its present configuration, the centreline of the pipe is offset 2 mm from the 
centreline of the channel towards the left wall of the channel when looking downstream. The flow 
rate is adjusted using valves upstream and downstream from the channel and is metered downstream 
from each valve using an orifice plate. A 2” aluminium honeycomb sheet with 1/4” diameter cells is 
placed at the upstream end of the channel to break down large-scale turbulence in the flow, and a 
fine mesh screen is placed upstream from the honeycomb sheet to catch particles suspended in the 
water.  
For the first test case, the intake pipe protrudes into the flow by 18 cm, the flow rate is set to 
8.85 l/s, and the water level at the downstream wall is 0.28 m. The geometry is shown in Figure 1 on 
the left. A relatively low water level and high flow rate (equivalent to a higher intake Froude number) 
were chosen to generate stronger vortices because the vortices are highly unstable in this 
configuration and particularly difficult to observe when they are weak.  
For the second test case, the intake pipe is flush with the wall and a 5 cm long, 1.2 cm thick 
vertical pier spanning the full channel depth has been placed on each side of the intake opening, as 
shown in Figure 1 on the right. This geometry produces strong vortices at lower intake Froude 
numbers, so the vortices were studied at a water depth of 0.36 m and a lower flow rate of 6 l/s.  
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3.2. Numerical model 
 
CFD simulations of the two configurations are performed using the commercial software package 
ANSYS-CFX 10.0. The free surface interface is captured using the VOF multiphase model in its 
inhomogeneous form, which means that separate velocity fields are computed for the air and water 
fractions. The k-epsilon turbulence model with wall functions is used for these initial simulations.  
 
Figure 1 shows the computational domains for the two cases. The channel domain is truncated a 
relatively short distance upstream from the intake in both cases in order to limit the total size of the 
computational mesh while permitting a relatively high degree of mesh refinement in the region 
where the vortices form. In the case with the piers, the mesh size is further reduced by modelling 
only half the domain and assuming the flow is symmetric about the centre-plane. In this and later 
figures, the domain is mirrored to help visualize the flow and geometry. Both computational meshes 
are block-structured meshes composed exclusively of hexahedral elements. The mesh for the 
protruding pipe has approximately 300 000 nodes and the mesh for the piers case has about 690 000 
nodes. The coarser mesh used in the pipe simulation probably results in a slightly lower computed 
vorticity in the vortex than would be produced using a finer mesh, which should be taken into 
consideration when comparing the solutions.  
 
 
 
Figure 1: Computational domain for Case 1 (left) and Case 2 (right). 
 
A uniform velocity and the water level are set as boundary conditions at the inlet to the domain. The 
pressure, imposed at the exit of the pipe, is adjusted during the course of the simulation so as to 
achieve the correct water level compatible with the upstream water level boundary condition. For 
the protruding pipe simulation, an asymmetry in the flow has to be provoked in order to initiate the 
vortex. This is achieved by starting the simulation with a non-uniform velocity profile at the inlet. 
This profile is linear in the y direction, with the maximum velocity at the left wall of the channel 
equal to 110% of the velocity at the right wall. This produces approach flow conditions with a 
uniform vorticity of approximately -0.003 s-1. After the vortex is established, the inflow boundary 
condition is changed to a uniform velocity field and the simulation is continued.  
 
The preliminary analysis presented in the next section focuses on the contribution of vortex 
stretching to the intensification of vorticity in the observed vortices. This is achieved by plotting the 
evolution of vorticity along a streamline that passes through (or close to) the vortex core. In order to 
simplify the analysis, only the component of vorticity aligned with the velocity (referred to here as 
the projected vorticity ωproj) is considered for now, as proposed by Sadlo, Peikert and Sick (2006). 
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This allows one to isolate the component of vorticity associated with vortex ‘strength’ from the 
component of vorticity that lies perpendicular to the vortex core, which is often linked with shear 
from other flow features such as boundary layers that the vortex may interact with. 
 
4. RESULTS AND DISCUSSION 
 
4.1. Protruding pipe, experimental observations  
 
At present, only qualitative visual observations of the flow and vortices have been made. 
Observations have been made of the advection of dye injected into the flow and of the free surface 
deformation they produce. A greater free surface deformation produced by the vortex is interpreted 
as an increase it its intensity or circulation, in accordance with the findings of previous researchers. 
 
In the protruding pipe case, a highly unsteady vortex forms at the free surface at irregular intervals 
and varying locations within a region of approximately 0.2 m in radius centered above the pipe 
opening. The vortex sometimes has a positive sense of rotation (counter-clockwise) about the 
vertical axis and sometimes a negative sense (clock-wise), as observed by other researchers (Quick 
1970). A submerged vortex starting from the floor below the intake also occurs (Anwar, Weller and 
Amphlett 1978), and is easily observed in this case because it picks up particles deposited on the 
channel bed. Only the free surface vortex is studied more closely here. 
  
The free surface vortex can first be observed by the very slight depression it produces on the free 
surface. The vortex travels around the region above the intake pipe opening, usually increasing in 
intensity up to a peak intensity that it may conserve for a few seconds to minutes, after which it 
dissipates. The vortex may dissipate slowly or quite suddenly, suggesting either a strong 
perturbation or that a critical condition may have occurred causing the vortex to break down in a 
process similar to that described by Benjamin (1962).  After a vortex dissipates, it generally takes a 
few seconds for another observable vortex to begin to form, and the peak intensity, sense and 
location of the next vortex may be different from the previous one.  
 
 
4.2. Piers, experimental observations 
 
In the second case, two free surface vortices form, one in the wake 
of each pier, as shown later in figure 7. The left vortex (looking 
downstream) has a positive sense of rotation, and the right vortex, 
which presents a mirror image of the left vortex, has a negative 
sense. The flow appears to be fairly symmetric with respect to the 
centreline of the pipe. As in the first case, a submerged vortex forms 
below each free surface vortex. The free surface vortices in this case 
are far more stable than the vortex in the first case and their location 
is quite fixed as they are confined to the wake of the piers. In this 
case, the vortices do not appear and disappear as in the first case, and 
the intensity of each vortex fluctuates only very slightly as 
evidenced by the change in the depth of the free surface depression. 
Their location varies a maximum of 1 cm as they move further from 
or closer to the tip of the pier.  
Figure 2: Vortex core 
visualized by dye injection.  
Fluctuations are also observed in the shape of the vortex core from the free surface to the intake. 
The vortex core can be visualized by injecting small amounts of dye at the free surface near the 
vortex centre, as shown in Figure 2. Relatively long wavelength oscillations deform the vortex core 
along its length. These might be due to fluctuations in the vortex intensity or by local turbulent 
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fluctuations of the surrounding flow. Unsteady flow separation off the piers might also contribute to 
vortex instabilities.  
 
4.3. Protruding pipe, CFD results 
 
Figure 3 (left) shows a top view of the velocity field from the protruding pipe simulation on a 
horizontal cutting plane just below the free surface. Streamlines projected on the cutting plane 
clearly show the vortex with a negative sense of rotation. The simulation also reproduces the 
submerged vortex observed in the experiment that starts from the bed of the channel. The general 
disposition of the two vortices can best be visualized with streamlines, as shown in Figure 3 on the 
right. The submerged vortex has the same orientation as the free surface vortex when viewed from 
the top, but after they curve into the pipe the two vortices have opposite orientations when viewed 
along the pipe length.  
 
  
Figure 3: Surface streamlines near top surface (left) and 3D streamlines 
 through free surface and submerged vortices (right) for Case 1. 
 
The flow does not stabilize in the steady simulation and the vortex remains unsteady when 
the simulation is continued in transient mode. The results presented here are extracted from early 
stages of the unsteady simulation and are very preliminary though it is believed they capture the 
general character and structure of the vortex sufficiently well to provide insight into its formation.  
Figure 4 shows a vertical cutting plane that passes through the vortex, with the distribution of 
velocity on the left and the absolute value of the projected vorticity on the right. The magenta 
horizontal line indicates the free surface. The curved black line is a streamline that passes through 
the vortex core. This image highlights the correlation between the increase in velocity and vorticity 
as the fluid is sucked into the exit pipe. The vorticity starts with a relatively low value of around 
3 s-1 near the free surface and increases to a maximum of 30 s-1 at the entrance to the pipe. The 
maximum velocity along the streamline occurs a short distance past the pipe opening. This point 
appears to coincide with the maximum thickness of the recirculation zone formed just downstream 
of the pipe opening by the flow separating off the blunt pipe edge. The recirculation zone reduces 
the effective area of the pipe opening at this location and therefore causes additional acceleration of 
the flow. 
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Figure 4: Distribution of velocity (left) and absolute projected vorticity (right) 
 on a vertical cutting plane through the free surface vortex for Case 1. 
 
The evolution of velocity and vorticity along the vortex core streamline are plotted on the 
same graph in Figure 5. The velocity and absolute projected vorticity are both scaled by their 
respective peak values so that the two curves fall in the range of 0 to 1 and the resulting non-
dimensional quantities are referred to as V* and ωproj* respectively. The x-axis on the graph 
represents the distance along the streamline, starting just below the free surface. This graph clearly 
shows how vortex stretching contributes to the increase of vorticity along the vortex core.  
 
 
The vorticity starts with a relatively low value 
at the free surface then increases as the velocity 
increases due to the suction of the intake pipe. 
The vorticity reaches its maximum value at the 
pipe opening while the velocity peaks about 2 
cm further downstream. The vorticity then 
decreases quickly along the pipe length as it is 
dissipated or diffused by the high velocity shear 
in the pipe. The velocity along the vortex core 
decreases at a slower rate following the 
development of the flow through the pipe.  
Though vortex stretching can help 
explain the intensification of vorticity along the 
vortex, a mechanism is still required to generate 
the initial vorticity. It seems most likely that the 
vorticity is generated in the boundary layer on 
the channel side walls, as suggested by Quick 
(1970) and then advected toward the center of 
the channel with the flow, as described by De 
Siervi et al. (1982).  
 
Figure 5: Variation of velocity and vorticity 
 along the free surface vortex core for Case 1. 
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This process can be roughly visualized using 
Figure 6, which shows the vertical (z) 
component of vorticity on the horizontal cutting 
plane below the free surface. We can see that 
the negative vorticity generated at the right 
side-wall and the right portion of the back wall 
appears to be advected toward the vortex centre 
with the streamlines. A similar process advects 
positive vorticity from the left wall toward the 
center as well. This image suggests that the 
flow structure produced by the negatively 
rotating vortex actually leads to increased 
generation of positive vorticity on the left 
portion of the back wall, which might help to 
explain why the rotation sense of the vortices 
tends to alternate. 
Figure 6: Vertical component of vorticity  
near the free surface for Case 1. 
 
It is also possible that once the vortex is initiated, it might be strengthened by additional vorticity 
generated at the point where it enters the pipe.  Very high vorticity oriented perpendicular to the 
vortex core occurs at the point where the vortex core curves sharply to enter the pipe. More in-depth 
analysis of the flow and streamline-normal vorticity in this region is needed to clarify how the 
vortex interacts with the pipe edge and its boundary layer and to establish whether this interaction 
strengthens or weakens the vortex.  
 
4.4. Piers, CFD results 
 
Figure 7 on the left shows a top view of the simulated velocity field of the piers case on a horizontal 
cutting plane just below the free surface. The streamlines show how the vortex forms in the wake of 
each pier. The left vortex has a positive sense of rotation and the right vortex has a negative sense of 
rotation. The steady flow solution converges well and produces a stable and persistent vortex in this 
case, similar to what was observed in the physical model. The simulation also reproduces the 
submerged vortex that forms below each free surface vortex, as in the physical model. Again, the 
submerged vortex has the same orientation as the free surface vortex directly above it. Figure 7 on 
the right shows 3D streamlines passing through the four vortices. In this case, the vortex core is 
relatively straight over most of its length and is only deflected into the pipe in the last 10 cm or so 
before reaching the opening. 
Figure 8 shows the distribution of velocity and projected vorticity on a vertical cutting plane 
passing through the free surface vortex. The magenta line shows the level of the free surface and the 
two streamlines in black show the path of the free surface and submerged vortex cores. The vortex 
curves away from the cutting plane as it approaches the pipe opening so it is difficult to visualize the 
evolution of velocity and vorticity in this region. Note that the vorticity reaches a value of more that 
9 s-1 very close to the surface in this case, long before significant acceleration in the flow has 
occurred. This is more clearly seen in Figure 9, where the non-dimensional velocity V* and 
projected vorticity ωproj are plotted along the streamline through the free surface vortex core as in 
Case 1. 
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Figure 7: Surface streamlines near the free surface (left) and 3D 
streamlines through the free surface and submerged vortices for Case 2. 
 
  
Figure 8: Distribution of velocity (left) and absolute 
projected vorticity (right) on a vertical cutting plane 
 through the free surface vortex for Case 2. 
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This graph shows that the vorticity reaches 
a relatively high value very close to the 
surface without a significant contribution 
by vortex stretching. The vorticity and 
velocity then remain relatively constant 
over a considerable distance before 
increasing sharply right before the pipe 
opening. Here, both quantities reach a peak 
at the point where the vortex enters the 
pipe opening (as can be seen in Figure 8 
shown above). They both decrease equally 
quickly at first and then the vorticity 
decays more quickly than the velocity, 
perhaps through the combined effect of 
vortex contraction (the opposite of 
stretching) and viscous dissipation. 
Figure 9: Variation of velocity and vorticity along 
the vortex core for Case 2. 
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Vortex stretching appears to play a far less important 
role in producing high vorticity values in this case. 
Instead, flow separation off the piers produces a 
region of high vorticity in a confined area that extends 
over most of the flow depth. Figure 10 shows the z-
component of vorticity and surface streamlines on the 
horizontal cutting plane just below the free surface. 
High positive vorticity is generated at the outer tip of 
the pier (seen near the top of this image) and then 
appears to be advected toward the vortex center by the 
flow. The almost negligible stretching contribution 
here is evident in the shape of the streamlines, which 
converge extremely slowly toward the center of the 
vortex at larger radii and seem to remain at a fixed 
radius from the vortex core once they reach a radius of 
about 1 cm. This contrasts with the streamlines in 
Case 1, which converge quickly toward the vortex 
center. 
Figure 10: Distribution of vorticity  
in the wake of the pier near the free 
surface for Case 2. 
  
5. SUMMARY AND CONCLUSIONS 
 
Free surface vortices have been studied in two geometric variations of a physical scale model intake. 
These vortices have been qualitatively reproduced in preliminary CFD simulations of the same 
geometry and flow conditions. Initial analysis of the velocity and vorticity distributions along the 
vortex cores suggests that the dominant processes leading to the generation of the coherent vortices 
in the two cases are qualitatively different. Possible mechanisms by which vorticity is generated in 
the two cases are proposed, suggesting directions for further work.    
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